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ac-susceptibility (x’, ") measurements as a function of temperature and ac field amplitude have
been carried out on cylindrical samples of the 110-K phase of the Bi-Sr-Ca-Cu-O system. The two
single-phase samples used for studies were prepared under different experimental conditions with
an aim to understand the regimes of validity of Bean’s and Kim’s critical-state models. Material-
dependent parameters, such as critical current density as a function of temperature and effective
volume fraction of grains, were estimated using these models. Improvements in the critical current
density and intergrain coupling strength were found when a sample was subjected to intermediate
cold pressing between sinterings. The field variation of the intergranular matrix susceptibility of the
sintered sample could be fitted well to Kim’s model whereas the data on the press sintered sample

were in agreement with Bean’s model.

I. INTRODUCTION

ac-susceptibility measurements on polycrystalline
high-critical-temperature (high-T,) superconductors not
only facilitate an unambiguous determination of T, on-
set of different phases, but also allow us to learn the
nature of the coupling between the grains.!»? The real
(x') and imaginary (x”) components of the ac suscep-
tibility measured at low frequencies can be analyzed in
terms of critical-state models.3~7 According to Bean'’s®
field-independent critical-state model, the critical current
density (J.) at a temperature (T,,) where x”(T') exhibits
an intergranular peak can be written as

Je(Tm) = —, (1)

where H,, is the ac field amplitude at the surface of
a cylindrical sample and a is the radius. Subsequent
to Bean’s field-independent critical-state model, several
field-dependent models for J.(H;) were developed.®—!!
According to Kim’s critical-state model, J.(H;) =
k/(Ho + H;), where H; is the local internal field, and
k and Hj are positive constants. Expressions for magne-
tization and susceptibility have been derived using Kim’s
model for J.(H;),®!1~1* and also using modified Kim’s
critical-state models.'®>—18

From the temperature dependence of the ac suscep-
tibility at different ac field amplitudes, J.(T') of poly-
crystalline YBa,Cu3zO; samples were estimated®!® us-
ing Eq. (1) and Clem’s* expressions derived from Bean’s
model. Also, J.(T) values have been estimated for
a polycrystalline single-phase YBa;CuzO7 sample’ and
multiphase Bi; gPbg 2Sr,Ca;CuzO, compounds,?° using
susceptibility data and employing Kim’s model. In
the (T1,Pb) (Ba,Sr);CazCu30, superconductor, Schilling
et al.?! have estimated the distribution of intergranu-
lar J. and intergranular volume fraction from their ac-
susceptibility data using an extended Bean model.
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In the present work, to check the extent of validity
of the theoretical expressions for susceptibility derived
from Bean’s and Kim’s models, we have analyzed the
field and temperature dependence of the ac susceptibil-
ity measured on two different samples of the 110-K phase
of the Bi-Sr-Ca-Cu-O system, prepared in single-phase
form. The two cylindrical samples used for the present
study were prepared under different experimental condi-
tions and correspondingly they differ in their nature of
intergranular structure, x. .. values, etc.

We have calculated the theoretical intergranular ma-
trix susceptibility using the following equations,

X = %‘13_,,; L " M, (8) cos(8)db, 2)
X = % A " M, (8) sin(0)d8, (3)

where the magnetization M,, (6) has been taken from the
expressions derived by Chen and Goldfarb!? using Kim’s
model, and H,, is the amplitude of the applied ac field.
The calculated theoretical susceptibility is a function of
H,,/H, and p. H, is the full penetration field at which
X" (Hy,) exhibits a peak and p is a parameter related to
inhomogeneity in the current path. According to Ref. 12,

H, = Ho[(1+9%)" - 1, ()
a)l/2
po BRI %)

The experimental intergranular matrix susceptibility can
be extracted from the measured susceptibility using the
following equations,”’

X' = ~fg+ (1 - fg)Xom, (6)
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X" =1 - fo)xm, (7)

where f, is the effective volume fraction of the grains,
X., and xi/ are the components of the intergranular ma-
trix susceptibility, and x’ and x” are those of the mea-
sured susceptibility. Equations (6) and (7) are valid only
at temperatures well below the transition temperature,
because close to the transition temperature, the grain
susceptibility xj is no longer equal to —1.

II. EXPERIMENTAL DETAILS

The samples were prepared with the composition
Bi; 2Pbg 3Sr1 5CaCu30O,. The details of sample prepa-
ration, x-ray diffraction, and microstructural studies
have been reported in Ref. 22. The samples used in the
present study were prepared from citrate precursors and
were presintered twice at 800 °C for 12 h with an inter-
mediate grinding. One sample in the form of a cylin-
drical pellet was annealed at 860 °C for 15 days before
quenching to room temperature (sample A). Another
sample (B) was prepared using the uniaxial-press sinter-
ing route reported by Asano et al.?3 It was first annealed
at 860 °C for 5 days and was subjected to uniaxial cold
pressing. The uniaxially pressed sample was again an-
nealed at 860°C for 5 days before quenching to room
temperature.

The ac susceptibility was measured using a mutual in-
ductance bridge operated at 33.0 Hz. The voltages in-
duced across the secondaries were input to a dual-phase
lock-in amplifier to measure simultaneously the real (x')
and imaginary (x") parts of the susceptibility. The phase
angle of the lock-in amplifier was adjusted such that
x" = 0 at 12 K for a small applied field, and the same
phase adjustment was maintained for the measurements
carried out at higher fields. The temperature variation
was achieved using a helium-exchange gas-filled cryostat
made by APD, equipped with a temperature controller.
The susceptibility data were collected using a computer
after stabilizing the temperature. The data were col-
lected in 0.5-K intervals close to the transition. Temper-
ature was measured using a calibrated Si-diode sensor
with an accuracy of better than 0.05 K.

The field variation of susceptibility was carried out at
different temperatures by increasing the ac field ampli-
tude in steps. For every cycle of field variation at a
fixed temperature, the sample was first cooled in zero
field through the transition temperature. Also, for each
measurement of temperature variation at a particular ac
field, the sample was first cooled in zero field through the
transition.

The absolute values of ¥’ and x”" have been determined
using the expressions used by Murphy et al.!® The fill-
ing factor of samples in the secondary coil was taken
into account using a procedure described by Couach and
Khoder.?* We found that the values of x'(T') were close to
—1 at 12 K for low-field measurements. However, we mul-
tiplied the x'(12 K) data by a factor such that x’(12 K)
was exactly equal to —1, and the same factor was used for
the x'(T') and x”(T) measured at higher fields. Demag-
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netization corrections were applied to both the measured
field and susceptibility.

III. RESULTS AND DISCUSSION

The samples A and B were single phase with lattice
parameters a ~ b ~ 5.4 A and ¢ ~ 37.1 A from x-ray-
diffraction measurements, and texture along the ¢ axis
of the unit cell was observed in press sintered sample B.
The scanning electron microscope micrographs of frac-
tured cross sections of the samples show that the sintered
sample A is highly porous compared to the press sintered
sample. The size of the grains is relatively smaller in the
press sintered sample. The temperature variations of re-
sistivity of the samples A and B are shown respectively
in Figs. 1(a) and 1(b). The zero-resistivity temperatures
are, respectively, 106.4 and 105.9 K. The resistivity at
300 K for the samples A and B are respectively 5.843
and 2.685 mQcm. Whereas the T.(0) of the press sin-
tered sample is comparable with that of the sintered sam-
ple, its p(300 K) is almost half of that observed in the
sintered sample.

A. Field dependence of susceptibility

The field variation of x’ and x” measured at tempera-
tures 97.0, 76.5, and 56.0 K for samples A and B is plot-
ted as a function of log,o(H,,) (see Figs. 2 and 3 below).
At low fields, the values of x'(H,,) are close to —1 and
the values of x"(H,,) are close to 0. At higher fields, the
value of x'(H,,) rises as a result of the transition of the
intergranular matrix into the normal state. The x"(H,,)
exhibits a peak as a result of full penetration of the ap-
plied field into the intergranular region and the value of
the full penetration field H,, increases as the temperature
is reduced. The H,, values of the sample A at the above
three temperatures are 95.3, 712, and 1738 A/m. At 56.0
K we could not get the complete x” curve because the
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FIG. 1. Temperature variation of resistivity of the (a) sin-
tered and (b) press sintered samples. The zero-resistivity tem-
peratures are respectively 106.4 K and 105.9 K.
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maximum field we can achieve with our experimental set
up is limited to 2500 A/m. From the above experiments,
we find that a comparatively larger field is needed for full
penetration of flux in the press sintered sample compared
to the sintered sample, at a given temperature. The H,
values obtained for samples A and B at different temper-
atures are given in Table 1.

To determine the experimental intergranular matrix
susceptibility (x/, and xJ,) from Egs. (6) and (7), we
need to know the f; value. To find the f; value the follow-
ing two conditions were used.!® (1) The plot of log;o X",
versus log,, H,, gives a peak of which both sides are al-
most linear. (2) x//, as a function of —x/, gives a convex
curve with the slope dx/., /d(—x.,,) that tends to oo at x/,
= 0. By substituting tentative values for f, in Egs. (6)
and (7), the values of x/,(H,,) and x (H,,) were calcu-
lated and were examined in the light of the above two
conditions. Thus, the correct f; values and correspond-
ing x,(Hm) and x,,, (H,,) data were obtained at different
temperatures. From the maximum matrix susceptibility
X’r’n,max and using Table I in Ref. 7, the parameter p was
estimated at different temperatures. The values of Hy
and k were obtained using Egs. (4) and (5). The esti-
mated values of fg, p, Ho, and k are given in Table I for
samples A and B at different temperatures. The values
of x., and x// at the full penetration fields are given in
Table I. The ratio of the measured density of the sample
to the x-ray density is taken as the volume fraction of the
solid part of the material f,, and it is respectively 0.51
and 0.79 for the samples A and B. From Table I we can
see that the effective volume fraction of the grains f, for
sample A is very close to f,. For the sample B, the f,
value is well below the f, value.

As mentioned in the Introduction, Kim’s susceptibil-
ity is a function of p and H,,/H,. By substituting the
above-determined p values, theoretical x/,, and x!, values
were calculated for different values of H,,/H,. Figure 2
shows the plot of experimental (symbols) and theoretical
(solid line) x.,, and x/. as a function of log,o(H,,) for the
sample A. In Fig. 2, we can see that the fit is good for
all three temperatures.

In the case of the press sintered sample, the theoretical
matrix susceptibility shows a considerable deviation from
the experimental data, as can be seen from Fig. 3. At
97.0 K, the deviation from theory may be partly due to
the inappropriate use of Eqs. (6) and (7) for the estima-
tion of x,, and X;,, because at this temperature xj will
be no longer equal to —1. At 76.5 K, even though the x,
data are closer to theory, the x,, curve shows large de-
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FIG. 2. Semilog plot of (a) real and (b) imaginary com-
ponents of the intergranular matrix susceptibility as a func-
tion of ac field amplitude at the temperatures 56.0 K (circles),
76.5 K (squares), and 97.0 K (triangles), for the sintered sam-
ple (A). The solid lines are theoretical data calculated using
Kim’s model.

viation from theory. Moreover, we could not reproduce
theoretically the x’ curve as a continuous one between
low field (H,, < Hp) and medium field (H,, > H,), as
can be seen from Fig. 3, where the dash-dotted lines are
an extrapolation of the low-field curve.

To fit the experimental data of sample B, we calculated
the theoretical susceptibility using Bean’s model. Bean’s
theoretical susceptibility was obtained using Egs. (2) and
(3) and taking the expressions for magnetization derived
from Bean’s model [Eqgs. (82) and (83) in Ref. 12] for
cylindrical samples. Bean’s susceptibility is given as
dashed lines in Fig. 3 and it gives a very good fit, es-
pecially at 76.5 K.

Kim’s theoretical X;,, nax Value can vary’ from 0.21 to
0.4 for different values of p. In the present work, since the

Xm,max Value observed in sample B is very close to the

TABLE I. List of parameters obtained from the field variation of susceptibility in samples A and

B, where T is the temperature at which experiments were carried out.

Sample T Hp ~Xm(Hp)  xm(Hp) fo P Ho k
(K)  (A/m) (A/m) (10°A%/m?)
56.0 1738 0.26 0.368 0.47 14.1 131.9 15.6

Sample A 76.5 712 0.285 0.351 047 9.5 83.1 28.1
97.0  95.3 0.26 0.287 0.43 2.6 52.2 0.09

Sample B 76.5 1031 0.275 0.212 0.40 0.14 1.0x10° 1070
97.0  125.6 0.29 021 0.35 0.14 1.29x10* 17.6
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FIG. 3. Plot of (a) real and (b) imaginary components of
the intergranular matrix susceptibility versus log,o(Hm), at
the temperatures 76.5 K and 97.0 K for sample B. The solid
lines are theoretical data calculated using Kim’s model and
the dash-dotted lines in the X, versus log,o(Hm) plot are
the extrapolation of Kim’s low-field curve to medium field.
The dashed lines are theoretical data calculated from Bean'’s
model.

lower limit (0.21) of Kim’s theoretical x;;, .y, Kim’s the-
oretical susceptibility shows considerable deviation from
the experimental data. The values of x;,, ,ax Observed in
sample A are higher than 0.21 and its x/, and x/, data
could be fitted well to Kim’s theoretical susceptibility.

X' (Hy) and x"(Hy,) were also measured on another
sintered pellet of the 110-K superconductor prepared
from nitrate precursors and analyzed using the above pro-
cedure. The x|,(H,) and x"(H,,) data of the nitrate-
route pellet could be fitted well to Kim’s theoretical sus-
ceptibility as in the case of sample A. Moreover, the
values of fy, Hy, and f, for the nitrate-route pellet were
comparable to those of sample A.

B. Temperature dependence of susceptibility

The temperature variation of the susceptibility mea-
sured at different ac field amplitudes, 23.9, 730, 1456,
and 2189 A/m, is shown in Fig. 4 for sample A. The
diamagnetic onset temperature is ~ 107.5 K and it is
almost constant at different fields. At higher fields the
x" data show both the intergranular and intragranular
peaks. The intergranular peak temperature T,, varies
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from 101.0 to 39.3 K, and the intragranular peak temper-
ature T varies from 104.2 to 99 K, when the applied field
amplitude is increased. From Fig. 4, we can see that the
values of maximum x'(T,,) are almost constant at higher
fields. Using Eq. (1), and taking H,, as the field at which
the experiment was carried out, the J.(T},) values were
estimated.

Similarly, the plots of x'(T) and x”(T) measured at
different ac fields for the sample B are shown in Fig.
5. The diamagnetic onset temperature is 106.7 K. The
magnitudes of the intergranular peak x"(T;,) are almost
constant at different applied higher fields. In contrast to
the intergranular peak, the magnitude of the intragran-
ular peak x"(T,) increases with applied field, for both
samples studied. In sample B, the values of x"(T},) and
X" (T4) are small compared to sample A and this could be
as a result of finer particles in the press-sintered sample.
The values of T,,, Ty, and J.(T,) for the samples A and
B are given in Table II.

To estimate the temperature variation of the crit-
ical current density J.(T) from the measured x'(T)
and x"(T), we first estimated x,,(T) and xJ, (7T) from
Egs. (6) and (7). To determine x/,(T) and x. (T), the
value of fy is needed, which was calculated from x'(T')
and x"(T) as follows. The theoretical values of X, ,ax
and X;, (Xin,max) Were calculated at H,,, = Hp, for differ-
ent values of p, using Kim’s model. The theoretical values
of Xy max @04 X7, 3t X, max Were substituted in Egs. (6)
and (7) in place of !, and x/,, where x’ and x" are taken
as the components of the measured susceptibility at T,,.
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FIG. 4. Plot of (a) real and (b) imaginary components of
the susceptibility versus temperature, measured in the sample
A at ac field amplitudes 23.9 A/m, 730 A/m, 1456 A/m, and
2189 A/m.
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FIG. 5. The temperature variation of (a) real and (b) imag-
inary components of susceptibility measured in the press sin-
tered sample (B) at ac field amplitudes 14.3 A/m, 723 A/m,
1440 A/m, and 2165 A/m.

The values of f; derived from these two equations turn
out to be unique only for a set of x;,, .., and x;, data
calculated using a particular value of p, thus enabling a
simultaneous estimation of p and f,;. Table II presents
the p and f; values obtained for the samples A and B.
From Tables I and II, we find that the f; values estimated
from both the field and temperature dependences of the
susceptibility are comparable.

The experimental values of x,,,(T') and x/., (T') were cal-
culated from x'(T) and x”(T) measured at a particular
field (H.,), by substituting the values of f, determined as
above at T, in Egs. (6) and (7). The theoretical values of
X, as a function of H,,/H, were calculated by substitut-
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ing the value of p determined at T,,. By comparing the
theoretical xI,(H,,/H,) with experimental x (T) val-
ues, the full penetration fields H,(T') were determined
and from these J.(T') were calculated using Eq. (1). Fig-
ure 6(a) shows the variation of J.(T') with temperature
for sample A, at fields of 730, 1456, and 2189 A/m. The
J.(T) values estimated at different fields are continuous
as shown in Fig. 6(a). From the above-obtained H,(T)
values and using Egs. (4) and (5), the temperature de-
pendence of Kim’s constants Hy and k were estimated
and are shown in Figs. 6(b) and 6(c) for sample A.

Following the same procedure the temperature depen-
dences of J.(T), Ho(T), and k(T) were estimated for
sample B and are given in Fig. 7. From these plots we
can observe that the J.(T') value is higher in the press-
sintered sample. The Hy and k values estimated for the
press sintered sample are more than two orders of mag-
nitude higher than that of the sintered sample and this
indicates that the J.(H;) of sample B is almost indepen-
dent of field.

Since the data on sample B are found to give a better
fit to Bean’s model, we repeated the above calculations
using Bean’s theoretical susceptibility. The estimated
values of J.(T') from Bean’s model are shown as a solid
line in Fig. 7(a). The J.(T) estimated from both models
are comparable.

The f, value can also be estimated from the field and
temperature variation of x’. In the plot of x’ versus
log o Hm, the x' value increases with the applied field and
reaches an asymptotic value beyond a particular field,
where the x’ is almost constant. If the field is further
increased, the x' value again increases, as can be seen in
Figs. 2 and 3, especially at 97.0 K. The initial rise in x’
is due to the intergranular region and the second rise in
x' at higher field is due to the intragranular region. The
value of —x’ in the asymptotic region will be equal to f,
at the particular temperature at which the experiment
was carried out. Similarly, the temperature dependence
of x' at higher fields shows two different transitions cor-
responding to intergranular and intragranular regions as
can be seen in Figs. 4 and 5. The value of —x’ at the
temperature where the intergranular region just becomes
normal is equal to fg. The values of f; obtained from x’
versus T and log,q H,, are comparable to that obtained
from Egs. (6) and (7) as described in Secs. III A and III B.

TABLE II. The list of parameters obtained from the temperature dependence of the susceptibility
measured at different ac field amplitudes (H,,) for the samples A and B. Ty, and T, are inter- and

intragranular x” peak temperatures.

Sample H., T T, Je(Tm) X (Tm)  Xm(Twm)  fq p
(Afm)  (K) (K (Afem?)
23.9 101.0 2.1
Sample A 730 7.7 104.2 65.6 0.25 0.339 0.48 7.1
1456 60.6 101.0 130.9 0.25 0.370 0.51 17.0
2189 39.3 99.0 196.7 0.25 0.370 0.51 18.0
14.3 101.0 1.55
Sample B 722 80.0 103.8 78.1 0.255 0.215 0.42 0.34
1440 70.6 102.2 166.0 0.19 0.215 0.42 0.23
2165 58.3 100.0 234.4 0.19 0.214 0.42 0.23
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FIG. 6. Temperature variation of (a) critical current den-

sity (b) Kim’s constant Ho, and (c¢) Kim’s constant k, esti-

mated by comparing the theoretical susceptibility calculated

using Kim’s model with the experimental susceptibility mea-

sured at the fields of 730 A/m, 1456 A/m, and 2189 A/m, in
the sample A.

The decoupling field at which coupling between the
grains is broken is calculated by extrapolating the plot of
H,, versus T,, to T,,=0. The estimated decoupling fields
are respectively 3580 and 5000 A/m for samples A and
B. The press-sintered sample shows stronger coupling
between the grains.

The x'(T) and x"(T) measured on another sintered
pellet of the 110-K superconductor prepared from nitrate
precursors were also analyzed using the above procedure.
The estimated values of f;, J.(T'), and etc. are compara-
ble to that of the sintered sample A.

IV. CONCLUSIONS

From a detailed analysis of the field and temperature
dependences of the susceptibility in the 110-K phase of
the Bi-Sr-Ca-Cu-O system, the following conclusions can
be drawn. The field dependence of the susceptibility for
the sintered pellet could be fitted well to the susceptibil-
ity derived from Kim’s critical-state model. For the press
sintered sample, whose x! data are close to 0.21,

m,max
Kim’s model shows considerable deviation from the ex-
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FIG. 7. Temperature variation of (a) critical current den-

sity and Kim’s constants (b) Hop, and (c) k, estimated by

comparing Kim’s theoretical susceptibility with the experi-
mental susceptibility of press sintered sample B at the fields

722 A/m and 2165 A/m. The solid line shows the plot of J.

versus T, estimated using Bean’s theoretical susceptibility.

perimental data. However, the susceptibility of the press-
sintered sample could be fitted well to Bean’s model. The
values of effective volume fraction of the grains (fg) esti-
mated for the sintered sample were close to the volume
fraction of the sample (f,). In the press sintered sample
the f, values were well below the f, value. The large dif-
ference between f; and f, is due to the smaller grains in
the press sintered sample, where the flow of supercurrents
on the surface of each of the small grains gives rise to a
reduction in the effective volume fraction of the grains.

The J.(T') values estimated for both the samples are
almost continuous. The press sintered sample exhibits
increases in J.(T') values and also stronger coupling be-
tween the grains.
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